Over last decades, a wide range of pan-sharpening methods have been proposed to synthesize images in a way that contain both high spatial and spectral characteristics of the multispectral and panchromatic images in high resolution satellite imagery. Amongst all improved methodologies, two different scenarios of Wavelet based and IHS based strategies brought up to be more appealing. Until now, lots of modifications and integrations are also proposed for these methods and variety of new techniques are presented. In this paper, the potential of different IHS-based and wavelet-based pansharpening techniques is studied and evaluated. For the purpose, high resolution images of worldview-2 satellite imagery are used and pan-sharpened images are generated based on 9 wavelet based and 6 IHS based methods. Achieved results clearly show the superiority of GIHS method as an optimum solution to keep both spectral and spatial characteristics if input images in fused image.
Introduction
The application of satellite images is still growing due to the rapid development in sensor technologies. Technological limitations in producing images with both high spectral and spatial resolutions, led to the pan-sharpening (i.e. image fusion) process which produces synthesized multispectral image with both high spectral and spatial resolution. Considering the importance of pan-sharpening process, till now variety of pan-sharpening methods have been proposed and applied to various high resolution satellite imagery (Yuhendra et al. One of the common ideas in pan-sharpen image generation, is to extract the spatial details from the Pan image and to add them somehow to the MS bands, those suffer from lack of spatial information. Multi resolution analysis is known to be the most common tool for this purpose. Variety of image fusion procedures have been proposed using the multi resolution analysis based on the discrete wavelet transform (DWT). Wavelet transformation is employed to decompose images into different resolution levels for multi resolution analysis which can be utilized for fusing images at different resolution levels (Zhang & Hong, 2005 , Amolins et al., 2007 .
On the other hand, there are also other widely used techniques which are mainly named as component substitution methods (Dou et al., 2007) . The main procedure of these methods is to apply a predefined transformation to multispectral bands and then to substitute one of the obtained components by Pan image. Component substitution methods usually yield to images with high spatial qualities while the wavelet methods usually perform well spectrally ( Kim et al., 2011) . Based on these differences, many researches try to combine these two procedures ( Kim et In this paper, a short review on wavelet and IHS based fusion methods is presented and using worldview-2 satellite imagery, their capabilities in generating pan-sharpen images with high spatial and spectral resolutions, are investigated. Moreover, both spatial and spectral quality metrics are developed to compare fusion results.
Review on Pan-sharpening Techniques and Evaluation Metrics
Despite the diversity in current pan-sharpening methods, most of them can generally be classified into Component Substitution (CS) and Multi-Resolution Analysis (MRA) methods . The Component Substitution based techniques commonly used in literatures are: Intensity Hue Saturation, Principal Component Analysis (PCA), Arithmetic Combinations and Brovey Method. These techniques are simple and are reported to provide better spatial quality in final fused image (Kolekar and Shelkikar, 2016) . Amongst these methods, colour transform based fusion methods (such as HIS) have become popular mainly because of their simplicity, fast computational process and also ability to preserve spatial characteristic of the Pan image (Tu et al., 2004; Choi, 2006) . On the other hand, MRA techniques involve transformation of source images into different scales before applying fusion rules. The commonly used MRA techniques are pyramid, wavelet, Contourlet and Curvelet transforms (Kolekar and Shelkikar, 2016) . A popular multi resolution transform is the Discrete Wavelet Transform (DWT) hich is used for pixel-level image fusion algorithms (Kolekar and Shelkikar, 2016).
Wavelet-Based Pan-Sharpening Techniques
Numerous fusion methods are developed based on the discrete wavelet transform (DWT) those are usually different in the algorithm of image decomposition or in the way of detail information injection, i.e. substitution, addition or weighted models (Amolins et al., 2007) . The Undecimated Discrete Wavelet, known as "a` trous" (meaning "with holes"), yields to shift-invariant discrete wavelet decomposition which is required in the application of image fusion Kim et. al., 2011; Mitchell 2010; Amolins et. al., 2007) .
The process of pan-sharpening based on wavelets, consists of three main stages. Firstly, the input images should be transformed to the wavelet domain. After transformation, detail coefficients (related to high frequency information of the image in different scales) and an approximation image (related to low frequency information of the image at the last scale) will be obtained. Then in the second step, the detail and approximation coefficients of the decomposed images are combined to synthesize the fused decomposition coefficients. The third step is to reconstruct the final fused image using the inverse wavelet transformation (Mitchell, 2010; Amolins et al., 2007, Kolekar and Shelkikar, 2016) . In each step, some important decisions such as the scheme of wavelet decomposition and the method to combine the coefficients should be made before the fusion process. 
Decomposition Stage
There are several different methods to apply the wavelet transformation or in the other word to decompose an image into wavelet coefficients. The Mallat's algorithm uses an orthonormal basis with decimated approach, but the transformation is not shift-invariant, which can be a problem in data fusion. Instead, "a` trous" scheme which is an undecimated discrete wavelet transformation, yields to shift-invariant discrete wavelet decomposition (Amolins et al., 2007; González-Audícana et al., 2005; Rockinger, 1996) . In this paper the undecimated wavelet which is a non-orthogonal, redundant transformation is applied.
Methods to Combine Different Coefficients
The important stage in the wavelet-based fusion process is how to combine the coefficients of the decomposed Pan and MS images or how to inject the detail information to MS bands. The most common methods are substitution, addition or weighted models (Amolins et al., 2007 ).
• Substitution. In substitution schemes, after applying wavelet transformation, the detail coefficients (or wavelet planes) of one image are substituted by the detail coefficients of the other image coefficients (Amolins et al., 2007; Kim, et. al., 2011 ).
• Addition. When applying undecimated wavelet transformation, the input images have the same size as the wavelet planes. So one of the input images can be directly added to the wavelet planes obtained after applying undecimated wavelet transformation to the second image (Amolins et al., 2007 ).
• Weighted Models. In IHS method, a weighted model is used to combine either the approximation or the detail coefficients obtained after applying wavelet transformation to both input images (González-Audícana et al., 2004).
Different Pan-sharpening Schemes
Most well-known wavelet-based pan-sharpening methods with the 'a` trous' decomposition scheme can be summarized as follows:
• Substitutive Wavelet (SW), (Amolins et al., 2007; Kim et al., 2011 ).
• Additive Wavelet (AW) (Amolins et al., 2007) .
• Substitute Wavelet Intensity (SWI) (González-Audícana et al., 2004).
• Additive Wavelet Intensity (AWI) (Nunez et al., 1999 ).
• In Table 1 at jth level, is the wavelet plane of the Pan. I in Table 1 refers to Intensity component obtained after the IHS transformation while PC1 refers to first principal component obtained after principal component transformation. Also LL refers to the approximation image obtained at the last level of wavelet decomposition, P refers to Pan and I refers to Intensity image and w1 and w2 are calculated according to equation 1. 
IHS-Based Pan-Sharpening Techniques
The IHS method has a standard procedure while its major limitation is in keeping spectral content of the MS bands, which is famous as color/spectral distortion. Also it has limitation of using only three bands at once. It has been proved that the main reason for spectral distortion is the difference between the spectral response of the Pan image and intensity component of MS image (Tu et al., 2001 ). Different solutions have been proposed to overcome spectral distortion in color transform based methods by minimizing the Pan and Intensity difference and also to modify the method in order to be capable of using an arbitrary number of spectral bands ( 
Where δ = Pan − I and F i and refer to the ith band of the fused and multispectral images respectively. Tu et al. (2001) proved that the reason of the color distortion is the change of δ component during fusion process. He also demonstrated that the difference between I and Pan leads to the change of δ. To IHS problem, the literature shows some suggestions in which the main effort is to modify I to be more similar to Pan image. IHS methods mostly applied for fusion are summarized as follow Equations are presented in Table 2 ):
• Generalized IHS (GIHS) (Tu et al., 2004 (Tu et al., , 2007 : considering the relative spectral response of the IKONOS and the fact that the spectral range of the Pan covers also Near Infra-Red (NIR) band besides R, G and B bands have extended the traditional three-order transformation to four-order one. 
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• GIHS with Adaptive Weights (GIHS-AW), Aiazzi and Baronti (2007) have proposed to perform a linear regression between Pan and MS bands. In the proposed scheme, a synthetic intensity, having a minimum mean square error (MSE) with respect to the reduced Pan (i.e. at the spatial scale of the original MS image), is computed. The intensity I have been assumed as a linear combination of MS bands (equation 6) with unknown coefficients ( ) and a bias (b) which are computed using a linear regression algorithm (Aiazzi et al., 2007 ).
• Improved GIHS with Adaptive Weights (IGIHS-AW), the method can extend traditional three-order transformations to an arbitrary order and all the MS bands could be fused at the same time (Xu et al., 2008 ).
Spectral Quality Assessment Metrics
Spectral image fusion quality assessment metrics are classified based on the level of spectral information, considered in quality assessment process ( The quality assessment metrics are presented in Table 3 where x and y stand for fused and reference images, x and y are the local sample means of x and y, σx and σy are the local sample standard deviations of x and y, and σxy is the sample cross correlation of x and y after removing their means. S is the number of spectral bands of images or the dimension of the spectral space, A = (A1, A2, A3,…, AS) and B=(B1, B2, B3,…, BS) are two spectral vectors with same wavelength from the reference and fused images respectively. Mi is the mean value for the original images, Bi represents bands of images and GSDPan and GSDMS stand for the ground sampling resolution of initial panchromatic and multi spectral images, respectively
Spatial Quality Assessment Metrics
In addition to preserving the spectral information of the input MS image, a fused image should contain the spatial information of the Pan image, as well, especially in high resolution satellite imagery which are usually used for urban area mapping ( 
Experiments and Results
To evaluate and compare the capabilities of discussed image fusion methods, all are applied for Pansharpening of WV2 satellite imagery. The evaluation strategy is presented in Figure 1 . As it's depicted, in the first step, initial Pan and MS images are down sampled and Low resolution Pan (L Pan) and multi spectral (L MS) images are generated. Using this new images, Pansharpen image (Fused L image) is generated based on Wald strategy (). Then quality assessment is applied comparing the generated fused image with initial multi spectral image (H MS) spectrally and with initial Pan image (H Pan) spatially. 
Data Set
The WV2 data set which is from an urban area of Melbourne city (Figure 2 ). WV2 has 8 spectral bands of 500×500 pixels and a Pan band of 2000×2000 pixels with 2 m and 0.5 m resolutions, respectively. The MS bands are up-sampled and the pairs of images were geometrically registered to each other. A part of images (500×500 pixels) is extracted to compare the visual effects of different fused images.
Wavelet Based Image Fusion Results
In IHS experiment, the undecimated transformation scheme was used to decompose the input images in all the methods and the level of decomposition was set to 2 for all the resultant images. To compare the visual effect of the different fused images, a part of the resultant images (500×500 pixels) is extracted and shown in Figure 3 . From Figure 3 , it can be seen that the spatial resolutions of all the resultant images are improved through the fusion process in comparison with the original MS. Considering the resultant images of additive schemes, it seems that they suffer from some distortions along the lines in the images exactly similar to those that can be seen along the edges of the original MS. The reason is that in additive schemes, the low resolution image (MS itself or Intensity component or PC1) is directly added to the detail coefficients of the Pan without being decomposed.
IHS based Image Fusion Results
Considering the spectral response function of the WV2 sensors (depicted in Figure 4 ) IHS-based methods for WV2 can profit from the additional yellow and red edge bands whose spectral range fall within the range of the Pan (Figure4) . So, in the modified scenario for WV2, the five bands of blue, green, yellow, red and red edge were used in the process to improve the spectral quality of the fused image. In IHS experiment all the mentioned methods reviewed in chapter 2, were applied to WV2 data. To compare the effects of the fusion process visually, a part of resultant images (500×500 pixels) is extracted and shown in Figure 5 . From results, although visual comparison of images is not convenient, but it is clearly observed that all methods improved the spatial quality of MS image. But some of the methods like GIHSAW and IHS resulted in better spatial quality while IHS presented spectral distortion.
Spectral Quality Assessment
To evaluate the spectral quality of the fused images, the Pan and original MS images were degraded to a resolution of 2 and 4 m respectively and were fused at a 4m resolution. The spectral quality was evaluated by comparing the spectral information of fused image to that of the original MS image applying spectral quality assessment metrics. Table 4 and 5 show the results of spectral metrics calculated to evaluate the fused images.
To provide the capability of visual comparison of results, they are also depicted in Figure 6 . To avoid messy figure, results are presented for the mean value of R, G and B bands. Comparing the values in Table 4 and Figure 6 , it can be concluded that the method SWPC, while averaging all its bands, yields to a fused image with superior spectral quality. However, it can be seen that there is no significant difference between results of SWPC and SWI methods, which shows the success of these hybrid methods in preservation of spectral information. It is also observed that substitution schemes usually result to better preservation of spectral content of the original MS image in comparison with additive schemes (see Figures 6.b and 6 .c).
From Table 5 , it can be concluded that all mentioned IHS based methods have better spectral quality in comparison with traditional IHS method and the superior spectral quality was obtained by IGIHS-AW
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method. As IHS method is designed to minimize spectral distortion by keeping the spectral vector of the fused image parallel to that of the original MS, the obtained value for SAM is near to zero. Figure 7 presents the results of pan-sharpening methods based on spatial metrics while comparing generated pan-sharpen and Pan images. The values of ERGASs, UQI and sCC calculated for three spectral bands (R, G and B) are averaged and demonstrated in Figure 7 .
Spatial Quality Assessment
From Tables 6 and 7 also Figure 7 , all calculated metrics, address the WWI method as the superior method in terms of spatial quality while the sCC metric has addressed the SW method. It shows that the idea to keep the Pan approximation partially, instead of ignoring it all, can improve the spatial quality of the fused image. Comparing the additive schemes with substitutive ones, it can be found that the metrics sCC and UQI show better spatial qualities by the results of additive scheme, while the metrics sCC and ERGASs, show the better functionality of the substitutive schemes in keeping the spatial information. It seems that the metrics sCC and ERGASs are more sensitive to those distortion effects of additive schemes along the lines that can be easily observed in the results.
Discussions
6 common IHS based fusion methods and 9 different wavelet based fusion methods are evaluated based on spectral and spatial quality assessment metrics. Results clearly show the total spatial dominance of IHS based methods and spectral superiority of Wavelet based Methods. Results also revealed that in wavelet based method SWPC and WWI show the best results for spectral and spatial quality respectively. Moreover, among IHS based methods, IGIHS-AW and traditional IHS methods present the best for spectral and spatial quality respectively.
On the other hand, to have better sense over the results which are discussed in previous section, we applied an averaging strategy of evaluation and comparison. For the purpose, the values for each metric are normalized based on their global minimum and maximum values in each table of 4, 5, 6 and 7. Then, the normalized values are averaged for each method in both case of spectral and spatial assessment as a grade. Results are presented in table 8 and 9. The best quality results are marked in both spectral and spatial case. Moreover, as in lots of applications both spectral and spatial qualities are important, users should apply methods fairly enjoy both spectral and spatial characteristics. So, the grades in each case are again normalized with respect to their min/max values and averaged and the final score for each of these wavelet based and IHS methods are computed.
As it is presented in tables 8 and 9, while considering spectral quality, GIHS and for spatial quality, IHS presents the best results. Moreover if both spectral and spatial qualities are important, GIHS method can perform better. Although it is not the best spectrally or spatially, it can somehow present both in an acceptable level.
Conclusion
The widespread use of pan-sharpening in generation of high spatial and spectral quality in high resolution satellite imagery, has led to a wide range of image fusion techniques. In this paper the potential of wavelet based and IHS based techniques as most common Pan-sharpening methods have been inspected. 6 IHS based and 9 Wavelet based methods were developed and their capabilities in generating fused images were studied based on Worldview-2 satellite imagery. Obtained results clearly showed that if spectral resolution is considered, SWPC and GIHS are the most wisdom selection. On the other hand, in case of spatial resolution the classic IHS and WWI methods are the best. Moreover, as both spectral and spatial quality are important in lots of application, results showed that GIHS and Generalized IHS with Tradeoff Parameter (GIHS-TP)
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